Ornithine carbamoyltransferase, argininosuccinate synthetase, argininosuccinate lyase, and arginase activity were measured in extracts from cotyledons of developing and germinating seeds of Pisum sativum L. The course of activity of these four urea cycle enzymes showed a similar pattern during seed development. The activity per cotyledon increased sharply initially and reached a maximum about 5 weeks after anthesis, when the relative water content of the seeds was about 60%. About 8 weeks after anthesis, the seeds were mature (air-dry) and had enzyme activities which were much lower. The activities of the enzymes differed considerably. Ornithine carbamoyltransferase showed the highest activity, followed in order of decreasing activity by arginase, argininosuccinate lyase, and finally argininosuccinate synthetase.
germination and remained at a constant level during the folowing days.
Argininosuccinate synthetase activity decreased; the other enzymes showed a small increase in activity and a subsequent decrease. Results are discussed in relation to the regulation of the arginine metabolism during pea seed development and germination.
Developing pea seeds accumulate arginine-rich storage proteins. During seed germination, the arginine released from these storage proteins is either directly translocated to the growing axis, incorporated into proteins or degraded in situ as has been shown for broad beans (3) and pumpkins (17) .
The final steps of the synthesis and the break down of arginine in higher plant tissues occurs in a similar way to that in mammalian tissues (urea cycle), lower plants, and in bacteria. The enzymes involved have all been demonstrated in extracts of several higher plants. The enzymes are OCT,2 ASA synthetase, ASA lyase, and arginase.
Data on the changes in the activity of these enzymes during seed development (4, 5) and germination (1, 4-6, 14, 18) Preparation of Extracts. About 12 g of cotyledons were ground in a mortar and pestle with 5 to 8 g of sand and 20 ml extraction medium containing 400 mm mannitol, 50 mm morpholinopropane sulfonic acid buffer (pH 7.4), and 0.25% (w/v) BSA. It contained also 30 mm MgCl2 when used for the isolation of ASA synthetase.
After passing through a Perlon screen (mesh width, 45 ,um), the homogenate was centrifuged at 2,500g for 5 min. The pellet obtained after centrifugating the 2,500g supernatant at 40,000g for 10 min was washed twice and resuspended in extraction medium. This suspension was used as the main source for arginase. The 40,000g supernatant was used as the main source for OCT, ASA synthetase, and ASA lyase, but the latter were further partially purified.
ASA Synthetase. Solid (NH4)2SO4 was added to the 40,000g supernatant to 30% saturation (at 0WC). The precipitate was removed by centrifugation (10 min at 40,000g), and additional (NH4)2SO4 was added to make a final concentration of 70% (at 0°C). The precipitate was dissolved in 3.5 ml medium containing 50 mM Tricine-KOH buffer (pH 8.2) and 30 mm MgCl2. An aliquot (2.5 ml) was applied to a 2.6 x 25-cm column of Sephadex G-25 equilibrated with 50 mm Tricine-KOH buffer (pH 8.2) and 30 mm MgCl2. Protein-containing fractions of the eluate were collected, and total ASA synthetase activity was determined.
ASA Lyase. Five ml of the 40,000g supernatant were passed through a Sephadex G-25 column (2.6 x 25 cm), equilibrated with 50 mm K-phosphate buffer (pH 7.5). Protein-containing fractions of the eluate were collected, and total ASA lyase activity was determined.
Air-Dry Cotyledons. Mature air-dry cotyledons were first pulverized with a Multimix grinder. The powder was hydrated in extraction medium for 15 min at 4°C, then treated in the same way as the preparations from fresh cotyledons.
Enzyme Assays. All enzyme activities were assayed at 25°C.
DE RUITER AND KOLLOFFEL
The reactions were linear with time, dependent on the amount of enzyme preparation, and substrate-dependent. The assay of the ornithine carbamoyltransferase (carbamoyl phosphate: L-ornithine carbamoyltransferase, EC 2.1.3.3) activity was based on the method ofNakamura and Jones (8) . The reaction mixture contained 60 mm Tes buffer (adjusted to pH 8.2 with NaOH), 2.5 mM L-ornithine and 10 mm dilithium carbamoyl phosphate, and O.1 ml enzyme preparation in a final volume of 2.0 ml: citrulline formed was determined by a modified Archibald procedure (9) .
Argininosuccinate synthetase (L-citrulline: L-aspartate ligase AMP-forming, EC 6.3.4.5) activity was measured as the rate of citrulline consumption at 10 and 20 min in a reaction mixture containing 0.6 niM L-aspartic acid, 1.5 mM L-citrulline, 3 mm ATP, 45 mM MgC12, 35 mm Tricine-KOH buffer (pH 8.2), and 1.0 ml enzyme preparation in a final volume of 1.5 ml. The reaction was terminated by adding 1.5 ml 8% (v/v) HC104. Precipitated protein was centrifuged off, and citrulline was determined colorimetrically (9) .
Argininosuccinate lyase (L-argininosuccinate arginine-lyase, EC 4.3.2.1) was assayed as the rate of arginine formation from argininosuccinate at 15 and 30 min in a reaction mixture containing 50 mm K-phosphate (pH 8.0), 0.9 mm argininosuccinate-K salt, and 1.0 ml enzyme preparation in a final volume of 3.0 ml. The potassium salt of argininosuccinate was prepared from the commercially available barium salt (11) . The reaction was stopped by adding 0.8 ml TCA (14%, w/v). After removing proteins, arginine formed was determined colorimetrically (19) .
Arginase (L-arginine amidinohydrolase, EC 3.5.3.1) was assayed as the rate of urea formation (15) in a reaction mixture containing 225 mM L-arginine (adjusted to pH 9.7 with NaOH), 2 mm MnCl2, and 0.2 ml of enzyme preparation in a final volume of 2 ml.
Incubation and activation of the enzyme preparation were as described previously (5) . Urea formed was determined colorimetrically (15) .
RESULTS AND DISCUSSION
The activities of OCT, ASA synthetase, ASA lyase, and arginase ( Fig. 1) increase considerably during the first 4 to 5 weeks after anthesis and reach a maximum at about 35 d. From this time onwards, the activities quickly decrease. Little activity is present at harvest (56 d postanthesis). Comparable changes have been found for OCT (4) and arginase (5) activity in developing broad bean cotyledons.
Cotyledon development starts with a phase of cell division and cell expansion followed by a phase of accumulation of storage reserves (16) . The transition period, marked by the disappearance of liquid endosperm (16) , occurred in the present study at about 21 d postanthesis. Thus, most increase in enzyme activity is an increase in activity per cell. The subsequent decrease in activity starts a few d before the seeds start losing considerable amounts of H20 (maturation phase). Simultaneous changes in activity of the arginine-synthesizing enzymes OCT, ASA synthetase, and ASA lyase and of the arginine-degrading enzyme arginase have also been found in other organisms (12) but hitherto not in higher plants.
During germination (Fig. 1) , the four enzymes show a different developmental pattern. OCT and ASA lyase activity increase slightly and subsequently decrease. With ASA synthetase, only a decrease was observed. A decline in the ASA lyase activity has already been found in the cotyledons of germinating peas (14) . Arginase activity could hardly be detected in air-dry seeds. The activity increases sharply after 7 h of germination, which might suggest that arginase is reactivated by hydration. In pumpkin cotyledons (18) and in cotyledons of broad beans (5), a considerable increase in arginase activity was measured during the first few d of the germination. In germinating cotton seeds, the activity The activities of the four enzymes differ considerably (Fig. 1 ).
These differences agree with those found in some mammalian tissues and also in tadpole liver and earthworm tissue (12) . In higher plants, synthesis of carbamoyl phosphate (10) and argininosuccinate (13) are considered to be possible regulating steps of the arginine synthesis. This supposition is now supported by the observation that ASA synthetase activity is relatively low and by our earlier results on carbamoyl phosphate synthetase (6) .
The presence of arginase in developing seeds and that of arginine-synthesizing enzymes in germinating seeds raises the ARGININE METABOLISM IN PEA SEEDS question of their physiological significance in cotyledons of developing and germinating seeds, respectively. Several observations (2, 7) indicate that arginine is synthesized in situ in developing seeds. The presence of considerable amounts of free arginine in developing pea cotyledons (2) might signify that arginine is not only synthesized for incorporation into storage proteins, but may also function as a temporary N-storage compound during pea seed development. Such a role requires a very sophisticated mechanism for synthesis and breakdown of arginine. A part ofthis mechanism might be the different intracellular localization of the argininesynthesizing enzymes and of arginase. Preliminary experiments revealed that in pea cotyledons about 90%o of the overall activity of the arginine-synthesizing enzymes OCT, ASA synthetase, and ASA lyase and less than 20%1o of the overall arginase activity was present in the 40,000g supernatant. The remaining activities were present in the 40,000g pellet, containing biochemically intact mitochondria. Similar results were found for OCT (4) and arginase (5) activity in developing and germinating broad bean seeds.
The degradation of arginine in situ in germinating seeds by arginase has been shown for broad beans (3) and pumpkins (17) . However, the significance of the presence of the arginine-synthesizing enzymes in germinating seeds is not clear. Incubation of broad bean cotyledons of 10-d germinating seeds with labeled arginine gave rise to all urea cycle intermediates (3). Our results indicate that the activity of the arginine-synthesizing enzymes, including carbamoyl phosphate synthetase (6) , is low compared with their activity in developing seeds. The presence of these enzymes in germinating seeds might be considered perhaps as being a less meaningful remnant of an enzymic machinery necessary for the synthesis of arginine in developing seeds. Regulation of the arginine metabolism and the intracellular localization of the urea cycle enzymes will be the subject of further studies.
